San Diego, CA) in 100 µl of PBS. Mice (n = 10) were treated intranasally with daily doses of 1.5 nmol of Exo-cur, Cur-, or Exo-controls in PBS or PBS-control for 26 consecutive days. Treatment was initiated on day 4 after mice were primed with MOG35-55 peptide. The mice were scored as follows: 0, no detectable signs of EAE; 1, complete limp tail; 2, limp tail and hind limb weakness; 3, severe hind limb weakness; 4, complete bilateral hind limb paralysis; 5, total paralysis of both forelimbs and hind limbs or death.
In this study, exosomes used to encapsulate curcumin (Exo-cur) or a signal transducer and activator of transcription 3 (Stat3) inhibitor, i.e., JSI124 (Exo-JSI124) were delivered noninvasively to microglia cells via an intranasal route. The results generated from three inflammation-mediated disease models, i.e., a lipopolysaccharide (LPS)-induced brain inflammation model, experimental autoimmune encephalitis and a GL26 brain tumor model, showed that mice treated intranasally with Exocur or Exo-JSI124 are protected from LPS-induced brain inflammation, the progression of myelin oligodendrocyte glycoprotein (MOG) peptide induced experimental autoimmune encephalomyelitis (EAE), and had significantly delayed brain tumor growth in the GL26 tumor model. Intranasal administration of Exo-cur or Exo-JSI124 led to rapid delivery of exosome encapsulated drug to the brain that was selectively taken up by microglial cells, and subsequently induced apoptosis of microglial cells. Our results demonstrate that this strategy may provide a noninvasive and novel therapeutic approach for treating brain inflammatory-related diseases.
IntroductIon
Despite the development of drugs that preferentially target inflammatory cells without harming normal tissues, delivery of these drugs to the brain remains a major challenge because of difficulty in penetrating the blood-brain barrier. [1] [2] [3] [4] Hence, further development of many therapeutic agents may have been abandoned because sufficient drug levels in the brain could not be achieved via the systemic circulation. Microglial cells, brain resident macrophages, play a crucial role in many brain inflammatory-related diseases of the central nervous system (CNS) such as schizophrenia, meningitis, migraine headaches, Parkinson's disease, Alzheimer's disease, and brain tumors. [5] [6] [7] [8] Although intranasal delivery provides a practical, noninvasive method for delivering therapeutic agents to the brain, the quantities of drug administered nasally that have been shown to be transported directly from nose-to-brain is very low. [9] [10] [11] [12] [13] We have previously shown that exosomes are selectively taken up by immature myeloid cells including macrophages.
14 Exosome encapsulated curcumin leads to significantly increased solubility, stability, and bioavailability of the encapsulated curcumin. In this study, we were particularly interested in testing the intranasal delivery of curcumin or a signal transducer and activator of transcription 3 (Stat3) inhibitor to brain microglial cells through the use of exosomes. We tested the hypothesis that intranasal delivery of the curcumin or Stat3 inhibitor, JSI-124 (cucurbitacin I), would allow the compounds to reach brain microglial cells and inhibit lipopolysaccharide (LPS) induced microglial cell activation, delay experimental autoimmune encephalomyelitis (EAE) disease, and inhibit tumor growth in vivo. Our results suggest that intranasal delivery of anti-inflammatory agents, such as curcumin and JSI-124 provides a promising noninvasive approach for the treatment of brain inflammatoryrelated diseases such as glioblastoma and EAE.
results

Intranasally administered exosomes are rapidly transported to the brains of mice
To determine whether exosomes can be transported intranasally into the brain, we administered Odyssey 800 dye-labeled exosomes into nontumor-bearing mice. Odyssey 800 dye-labeled exosomes (10 µg/10 μl) isolated from different types of cells ( Figure 1a) were administered using a small pipette as five doses in alternating sides of the nose as 2-μl drops spaced 2 minutes apart. Mice were killed 30 were examined for the presence of the exosomes using an Odyssey scanner. Fluorescent labeled exosomes were observed as being diffusely located in the brain with their primary location being in the olfactory bulb, suggesting that translocation of exosomes to the brain occurred rapidly (Figure 1a) . In contrast, no microparticles (500 nm-1 µm) larger than exosomes (30-100 nm) 15 were detected in the brain (Figure 1a) . Very little or no fluorescence was detected in the brain of mice intranasally administered phosphate-buffered saline (PBS) or free dye (Figure 1a) . These results suggest that particle size is a critical factor for translocation from the nasal region to the brain. No apparent toxicity or behavioral abnormalities were observed in any of the mice during and after (30 days) the experiment. To further determine whether the exosomes intranasally administered also traffick to other tissues, whole mice (Figure 1b) and most of the organs (Figure 1c ) from the mice having been intranasally administered exosomes were imaged. Three hours after intranasal administration of DIRdye labeled EL-4 exosomes the mice were imaged (the reason for using DIR dye, instead of IRDye800 dye, was to avoid the auto fluorescent interference generated in the intestine). The imaging results indicate that in addition to exosomes that were located in the brain, significant amounts of exosomes were located in the intestines but were not found in other organs tested (Figure 1b,c) . Interestingly, most of the microparticles went to the lung and intestine (Figure 1b,c) . Similar distribution patterns of intranasally administered exosomes were observed in mice in a LPS-induced inflammation condition (data not shown). We next investigated distribution of intranasal IRDye800-labeled exosomes in the brain at various times after intranasal delivery of EL-4 exosomes. Mice were given 10 µg IRDye800-labeled EL-4 T cell derived exosomes over a 10-minute time period as noted above, and then killed 3 to 48 hours later. Fluorescence was stronger throughout the brain 3 hours after intranasal delivery (Figure 1d ). Fluorescence remained visible at the olfactory bulb region of the brain 24 hours after delivery. The animals did not exhibit any apparent toxicities or behavioral abnormalities during and after the course of this experiment. Next, we determined the capacity of exosomes to deliver curcumin to the brain. Quantification of curcumin intranasally delivered by EL-4 exosomes (Exo-cur) indicated that the curcumin reached peak concentrations 1 hour after intranasal administration, and was still detectable in the olfactory bulb region within the first 12 hours after a single intranasal administration of Exocur (Figure 2a) . Repeated administration of Exo-cur every 12 hours maintained the curcumin concentration at an average of 2.6 ± 0.4 nmol/g of brain tissue (Figure 2b) . Collectively, these data suggest that exosomes can be used as a novel noninvasive vehicle for delivery of drugs to the brain. We observed no visible abnormality of the nasal mucosal epithelial structure after repeated intranasal administration of Exo-cur (Figure 2c) , no loss of body weight, and no visible changes in the fecal contents (data not shown).
Intranasally delivered exosomes are taken up by microglial cells
To further identify specific targeting of cells by exosomes, in vivo biodistribution of fluorescent dye PKH26-labeled EL-4 exosomes was conducted. Double fluorescence PKH26 + Iba-1 + positive cells (Iba-1 is a specific marker for microglial cells) were visible in brain microglial cells 15 minutes after intranasal delivery of exosomes (Figure 3a) . Within an hour after injection, >60% of the Iba-1 + microglial cells were PKH26 + (Figure 3a,b) , suggesting that the injected exosomes were taken up by the microglial cells. (Figure 4f ). To further confirm that induction of apoptosis is relevant to LPS challenge, and not due to spontaneously induced apoptosis by unidentified factors, percentages of apoptotic leukocytes isolated from Exo-cur treated mice challenged with LPS or PBS as a control was determined. The FACS analysis data suggest that negligible numbers of brain leukocytes of mice challenged with PBS were PI + AnnexinV + in comparison with mice 2 hours postchallenged with LPS (Figure 4g ). The induction of apoptotic leukocytes is also correlated with the concentration of curcumin detected in the brain of mice treated with Exo-cur (Figure 4h) . Collectively, these data support that Exo-cur treatment induces apoptosis in microglial cells of mice challenged with LPS. Because nasal administration of exosomes in this LPSinduced inflammation model (data not shown) did not alter the distribution of exosomes when compared to control mice, i.e., no LPS challenge (Figure 1) , the biological effects of exosomes on other organs were not further investigated.
To further determine whether intranasal delivery of Exo-cur could prevent inflammation related brain autoimmune disease, MOG-induced EAE in mice was conducted. EAE was induced in 6-week-old female C57BL/6 mice by immunization with MOG35-55 as described previously. 16 Exo-cur was administered intranasally daily for 31 days using the protocol described above and was initiated on day 4 after immunization with the MOG peptide. The mice were sacrificed at day 35 postimmunization. Disease severity was scored based on the method as described previously. 16 The score of PBS, exosomes only, or curcumin only groups of EAE mice was 3.83 ± 0.22, 3.70 ± 0.31, and 3.60 ± 0.12, respectively. The disease severity in Exo-cur-treated mice was significantly reduced Fold changes in mRNA expression of IL-1β between LPS challenged and nonchallenged controls were determined as described in the Materials and Methods section. Results represent the mean ± s.e.m. of three independent experiments (b). A total of 10 µg of PKH26-labeled or unlabeled EL-4 exosomes was administered intranasally to C57BL/6j mice after C57BL/6j mice were i.p. injected with bacterial lipopolysaccharide (2.5 mg/kg); PBS was used as a control. Mice were sacrificed 2 hours after intranasal administration for FACS analysis of PKH26 + F4/80 + cells (c, left panel) or within the gated R1 region, MHCII + cells were further determined (c, right graph). The brains of mice treated as described in a were collected and 30-µm thick frozen sections of the anterior part adjacent to the olfactory bulb of the brain of mice were stained with the antimicroglial cell marker Iba-1 (green color) and stained using a TUNEL staining kit (Roche). Sections were examined by fluorescence microscopy. Representative TUNEL stained brain sections from each group of mice were then photographed at ×10 (d) or for Exo-cur treated groups were TUNEL and anti-Iba1 stained and viewed at a magnification of ×60 (e). Brain leukocytes were isolated from B6 mice at 0.5, 1, 2, and 6 hours after intranasal administration of Exo-cur (1.5 nmol/mouse) (f) or from B6 mice which had been ip injected with LPS (2.5 mg/kg) or PBS for 2 hours before given Exo-cur (g). The cells were stained and analyzed for apoptosis (PI + AnnexinV + ). Representative FACS analysis results of PI + AnnexinV + staining is shown in (f,g). The correlation between the percent of PI + AnnexinV + and amount of curcumin detected in the brain was calculated using linear regression analysis (h). 
Intranasal delivery of an exosome encapsulated stat3 inhibitor inhibits Gl26 tumor growth
Stat3 is activated constitutively in many types of human cancers and plays a critical role in tumor growth including glioblastoma. Microglial cells, the resident macrophages of the brain, have been known to play a critical role in the progression of brain glioblastoma. Therefore, we treated groups of mice bearing intracerebral tumors with exosome encapsulated Stat3 inhibitor JSI-124 (12.5 pmol/10 µl) or exosomes only, JSI-124 only, or PBS as controls. Mice were treated every other day for 15 days beginning on day 3 after tumor cells were implanted. The amount of JSI-124 administered was based on the lack of any evidence of toxicity or behavioral abnormalities in the mice. Imaging data showed a statistically significant decrease in brain-associated photons in Exo-JSI124-treated mice when compared to controls (Figure 6a) , and was determined on day 9 after tumor cells were injected. Survival times of PBS-, exosomes-or JSI124-control animals ranged from 20 to 30 days. In contrast, Exo-JSI124 treatment significantly prolonged the survival of mice on the average of 44.5 days (P < 0.011) (Figure 6b) . Moreover, 2 of the 10 Exo-JSI124 treated mice were alive and showed no neurological symptoms at day 90 when they were killed. There was no evidence of tumor at the original implantation site in these two mice. None of the Exo-JSI124-treated animals exhibited evidence of toxicity or behavioral abnormalities during and after the 15-day treatment period. To further investigate if the observed effect was due to inhibition of Stat3 activity in the Exo-JSI124 targeted cells in the brain, the activity of Stat3 in brain CD45.2 + cells was quantitatively determined by western blot analysis based on the detection of pStat3. The results suggest that Exo-JSI124 treatment led to the selective reduction of pStat3 in CD45.2 + microglial cells (Figure 6c) . The reduction of Stat3 was also correlated with a decrease in the expression of both IL-1β and IL-6 in CD45.2 + microglial cells (Figure 6d) . Collectively, these data support the idea that Exo-JSI124 is selectively taken up by microglial cells and subsequently inhibits the expression of inflammatory cytokines such as IL-1β and IL-6. We further determined whether intranasal administration of Exo-JSI124 has a direct effect on tumor. The results of hematoxylin and eosin stained brain tumor tissue suggest that tumor adjacent to the olfactory region aggressively invaded the adjacent tissue of mice treated with BSA, Exo, and JSI124. In contrast, mice intranasally administered Exo-JSI124 was characterized as having much less invasiveness (Figure 6e) . TUNEL staining of the same tumor blots suggest that more TUNEL stained cells, i.e., apoptotic, are detected (Figure 6f ).
dIscussIon
The blood-brain barrier has been an insurmountable obstacle to the development of CNS therapeutics, impeding clinical use of otherwise promising therapeutic agents in the treatment of many brain neuron disorders where inflammation plays a causative role. The present study examined a novel approach for intranasal delivery of anti-inflammatory agents to the brain. Our results clearly indicate that anti-inflammatory agents like curcumin or JSI124 are effectively delivered to the brain by exosomes without observable side effects. Furthermore, we have identified microglial cells as being preferentially targeted by exosomes. The successful delivery and therapeutic effects of curcumin or JSI124 loaded exosomes was demonstrated in three independent mouse models, i.e., a LPS-induced brain inflammation model, MOG-induced EAE autoimmune disease, and a GL26 implanted brain tumor model. Microglial cells are well-known to play an essential role in many inflammatory-related brain diseases. The accumulation of myeloid or microglial cells in the brain has been implicated in the promotion of brain tumor growth and progression of brain autoimmune diseases, such as EAE in mouse models and in humans. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] In this study, we found that intranasal administration of Exo-cur led to a significant reduction in the number of microglial cells and that Exo-JSI124 resulted in the enhancement of tumor apoptosis and a concomitant reduction in disease progression in all three models we tested. These findings are also consistent with our results published recently 14 showing that inflammatory cells, such as CD11b + Gr-1 + cells, can be deleted specifically by curcumin encapsulated in exosomes. We demonstrated that mice treated with Exo-cur are protected completely against LPS-induced septic shock 14 and that the protective mechanism is associated with the ability of the Exo-cur to specifically target myeloid cells. Therefore, our strategy of delivering exosome-encapsulated drugs to the brain via intranasal administration could potentially improve the direct delivery of drugs to the CNS with the advantages of target specificity and administration in a noninvasive manner. Our data show that curcumin encapsulated in exosomes not only targets to inflammatory cells, i.e., microglial cells, but reaches the CNS in sufficient quantity by this route to be effective. Therefore, these results could generate interest in previously abandoned drug compounds and enable an entirely novel approach to CNS drug delivery.
In this study, we also showed that EL-4 exosomes from T cell lines are taken up by microglial cells (~60%) as well as nonmicroglial cells (~40%). Further FACS analysis suggests that both MHCII dim and MHCII high microglial cells can take up exosomes after mice are injected with LPS. These data suggest that both "resting" and "activated" macrophages may take up exosomes. Recently, it has been reported that resting microglial cells preferentially take up exosomes released from oligodendrocytes. 29 We currently do not know whether the discrepancy between the data we generated and that reported by Fritzner et al. is due to the source of exosomes or different microenvironmental factors (an in vitro cultured microglial model that Fritzner used versus our intranasal administered exosomes in this study). We believe our data reflects what takes place from the point of using exosomes as a therapeutic delivery vehicle. We speculate that exosomes taken up by naive microglial cells may lead to the induction of immune tolerance in the naive microglial cells to antigens released from the cells producing the exosomes whereas the exosomes taken up by activated microglial cells may lead to activate immune cells. Whether EL-4 exosomes taken up by activated versus naive microglial cells lead to immune tolerance or immune responsiveness to EL-4 exosomal antigens needs to be evaluated in the future.
Although our data presented in this study show that Exo-curmediated induction of apoptosis is one of the mechanisms underlying the therapeutic effects, other mechanisms cannot be excluded as curcumin is a pleiotropic agent that can target multiple pathways. Curcumin is also a powerful anti-inflammatory agent with chemopreventive and anticancer properties [30] [31] [32] [33] [34] [35] [36] that modulates numerous targets including inhibition of IL-17 induction 37 in different types of cells. Further detailed analysis of the mechanism(s) of action is critical for optimization of curcumin-based therapy, and identification of potential side effects. In addition, we observed that apoptotic cells detected by TUNEL staining are induced as early as 2 hours after Exo-cur treatment. The TUNEL assay usually detects apoptotic DNA fragment degradation that takes place in the latter stages of apoptosis. Whether the early cellular DNA degradation is a unique property of the Exo-cur complex in comparison with free curcumin induced apoptosis we are unsure and this finding needs to be further investigated. Also, since microglial cells are not the only cells targeted by exosomes, the biological effects of other cells, particularly, immune cells infiltrating the brain, including NK cells or CD11b + Gr-1 + myeloid cells, needs to be further studied.
Our results indicate that direct intranasal-to-brain transport is feasible. In our initial distribution study, we found rapid movement of exosomes into the brain within 1 hour of intranasal administration. This finding is consistent with the extraneuronal pathway that has been proposed for transport of therapeutic agents from the nasal cavity to the brain. 2, 3 Transport occurs along the olfactory pathway and likely involves extracellular bulk flow along perineuronal and/or perivascular channels, which allows for delivering drug directly to the brain parenchyma. Delivery along the extraneuronal pathway is likely not receptor-mediated and requires only minutes for a drug to reach the brain; whereas, delivery via an intraneuronal pathway along the primary olfactory sensory neurons involves axonal transport and requires several days for the drug to reach different areas of the brain. 38, 39 It is possible that exosomes could be transported along the trigeminal nerve. Thorne et al. 40 proposed an extracellular pathway along trigeminal nerves for the transport of molecules from the nasal cavity to the brainstem and spinal cord. This was based on findings showing that after intranasal administration to rats of insulin-like growth factor-I, the molecule was observed in both rostral and caudal brain regions, consistent with entry points for the olfactory and trigeminal nerves, respectively. Although our imaging data did not show intranasal administered exosomes trafficking to caudal regions, it may be due to the lower sensitivity of the technology used in this study when compared with autoradiography used in Thorne et al. studies or size as we demonstrated is a factor that determines the route of trafficking.
Collectively, the delivery method demonstrated in this study may be particularly suited for potent therapeutics with adverse effects in the blood or in peripheral tissues, for therapeutic agents that are extensively bound to plasma proteins or degraded in the blood, or for oral drugs that lose their bioavailability or are not readily soluble in the gastrointestinal tract. The findings in this study should also shed a light on further study of effects of exosomes released from resident cells located in intranasal cavity on brain cells, in particular, brain immune cells. It is conceivable that exosomes released from local resident cells or exosomes translocated to the nasal cavity could play a role in brain immune tolerance, in particularly the innate immune response. This exosome-based delivery system potentially could be used to deliver other complementary and alternative medicines, like resveratrol, either alone or in combination with curcumin.
Although our findings demonstrated the potential for using exosomes as a novel, noninvasive delivery vehicle to target therapeutic drugs to the brain, more fundamental studies are required. Future studies are needed to determine the exact transportation route of exosomes from the olfactory region to the brain and their subsequent clearance. Additional research is also necessary to translate our results from animal models to clinical applications for humans, and to define the possible side effects of using exosomes as an intranasal delivery vehicle.
MAterIAls And Methods
Reagents. Curcumin, JSI-124 (cucurbitacin I) and LPS were purchased from Sigma-Aldrich (St Louis, MO) and dissolved in DMSO as stock solutions. A rabbit anti-Iba1 antibody that specifically recognizes microglial cells and macrophages was purchased from Wako Chemicals (Richmond, VA). Antibodies against total and phospho-Stat3 were purchased from Cell Signaling Technology (Danvers, MA). The following fluorescent dyeconjugated Abs were obtained from e-Bioscience (San Diego, CA): antiCD11b, anti-CD45.2, anti-F4/80, anti-MHCII, and anti-IL-1β. 
Preparation of exosomes and exosomal curcumin (Exo-cur) and JSI-124
(Exo-JSI124). All exosomes used in this study were prepared according to a previously described protocol.
14 Microparticles were prepared from supernatants of tumor cells grown to confluence (48 hours). The supernatants were sequentially centrifuged at 500g for 10 minutes and then at 1,200g for 30 minutes. Microparticles were then pelleted at 10,000g for 1 hour and washed once in PBS. The concentration of exosomes and microparticles was determined by analyzing protein concentration using the BioRad protein quantitation assay kit (Bio-Rad Laboratories, Hercules, CA) with bovine serum albumin serving as a standard. Both Exo-cur and Exo-JSI124 were prepared by mixing curcumin or JSI124 with EL-4 exosomes in PBS. After incubation at 22 °C for 5 minutes, the mixture was subjected to sucrose gradient (8, 30, 45 , and 60%, respectively) centrifugation for 1.5 hours at 36,000 r.p.m. Exo-cur or Exo-JSI124 was subsequently collected, washed, and resuspended in PBS. The concentration of curcumin or JSI124 in the complex was determined by high-performance liquid chromatography analysis.
14 Animals. C57BL/6j mice (H-2 b ) were purchased from the Jackson Laboratory (Bar Harbor, ME). Animals were housed in the animal facility at the University of Louisville per an Institutional Care and Use Committeeapproved protocol.
Intranasal delivery of exosomes, Exo-cur, and Exo-JSI124 in mice. For intranasal administration of exosomes or exosome encapsulated drugs, C57BL/6j mice were anesthetized by I.P. injection of ketamine/xylazine (40 mg/5 mg/kg body weight) and placed in a supine position in an anesthesia chamber. PBS (2 μl) containing exosomes (2 μg/2 μl), or Exo-cur or Exo-JSI124 were administered intranasally as drops with a small pipette every 2 minutes into alternating sides of the nasal cavity for a total of 10 minutes. A total volume of 10 μl was delivered into the nasal cavity.
To determine the bioavailability of free curcumin and exosomal curcumin in vivo, two groups (five per group) of C57BL/6j mice were administered 1.5 nmol curcumin or Exo-cur intranasally. At 0, 3, 6, 12, and 24 hours, the brain was removed and curcumin was extracted from the tissue. 14 The concentration of curcumin in the extracts was determined by high-performance liquid chromatography as described. 14 The extracts from brain of naive mice without treatment either mixed with a known amount of curcumin or PBS were used as positive and negative controls, respectively. Also, formalin-fixed paraffin embedded nasal tissues were used for hematoxylin and eosin staining.
To monitor the trafficking of exosomes administered intranasally, exosomes were first labeled using an Odyssey fluorescent dye IRDye800 kit (LI-COR Biosciences, Lincoln, NE) or near-infrared lipophilic carbocyanine dye-dioctadecyl-tetramethylindotricarbocyanine iodide (Invitrogen, Carlsbad, CA) using a previously described method. 41 To localize EL-4 exosomes in brain tissue, the IRDye 800CW-or DIR-labeled EL-4 exosomes (10 µg/10 µl in PBS) were administered intranasally to C57BL/6j mice as described above. The mice were imaged over a 48-hour period using a prototype LI-COR imager (LI-COR Biosciences) for IRDye800-labeled exosomes or a Carestream Molecular Imaging system (Carestream Health, Woodbridge, CT) for DIR-dye labeled exosomes. For controls, mice (five per group) received nonlabeled EL-4 exosomes in PBS or free IRDye800 dye or DIR dye at the same concentration for IRDye800 or DIR dye-labeled exosomes.
Identifying the brain cells targeted by exosomes administered intranasally. Mice were administered intranasally PKH26 fluorescent dye-labeled exosomes (10 µg/mouse in 10 µl PBS) using the method described above. After intranasal administration, mice were transcardially perfused with PBS followed by a 4% paraformaldehyde solution at pH 7.4. Brain tissue was postfixed overnight in 4% paraformaldehyde and then cryopreserved in phosphate-buffered 30% sucrose. Brains were embedded in OCT compound (Tissue-Tek; Sakura, Torrance, CA) and kept at −20 °C overnight. Brain tissue sections were cut with a cryostat (30-μm thick) and the tissue sections stored at −20 °C. Immunofluorescent staining of microglial cells with rabbit anti-Iba1 antibody was carried out according to previously described procedures. 42 Tissues evaluated for the presence of Iba1 positive staining were assessed using a Zeiss LSM 510 confocal microscope equipped with a digital image analysis system (Pixera, San Diego, CA).
Brain tumor-bearing mice model. 2 × 10 4 GL26-Luc cells were intracranially injected per mouse using a method described previously. 43 In brief, using a Hamilton syringe (Hamilton Company, Reno, NV), 5 × 10 4 GL26-Luc cells in 2 µl PBS were stereotactically injected through an entry site at the bregma of anesthetized mice. Typically this procedure results in a 100% tumor take and a median survival time of ~28 days after tumor implantation. Tumorbearing mice were treated intranasally for 12 consecutive days with daily doses of 12.5 pmol Exo-JSI24, JSI24 (12.5 pmol) or Exo-control in PBS or PBS-control. Treatment was initiated on day 3 after tumor cells were injected intracranially. The investigators treating the animals were fully blinded with regard to treatment. All mice were monitored every day and euthanized when they exhibited neurological symptoms indicative of impending death.
Monitoring the growth of injected tumor cells was accomplished by quantifying luciferase activity over a 15-day period post-tumor cell injection using a previously described method 44 with minor modifications. In brief, before the imaging session, the mice received an intraperitoneal injection of d-luciferine, a luciferase substrate (150 mg/kg; Xenogen, Alameda, CA) dissolved in PBS. The mice were then anesthetized with 2% isoflurane in 100% oxygen at a flow rate of 2 ml/min. Images were collected using a high-sensitivity CCD camera with wavelengths ranging from 300 to 600 nm with an exposure time for imaging of 2 minutes. Regions of interest were analyzed for luciferase signals using Living Image 2.50 software (Xenogen) and was reported in units of relative photon counts per second. The total photon count per minute (photons/ minute) was calculated (five animals) using Living Image software. The effects of treatment versus nontreatment on brain tumor-bearing mice was determined by dividing the number of photons collected for treated mice by the number of photons collected for untreated mice at different imaging time points. Results were represented as pseudocolor images indicating light intensity (red and yellow being the most intense) that were superimposed over grayscale reference photographs.
LPS-induced brain inflammation.
Bacterial LPS (2.5 mg/kg; SigmaAldrich) was injected intraperitoneally into C57BL/6j mice. Immediately after the LPS injection, mice were administered curcumin, Exo-cur (1.5 nmol in 10 µl PBS), or EL-4 exosomes equal to the amount in exosomal curcumin intranasally. EL-4 exosomes and PBS served as controls. Two hours after the treatments five mice from each group of mice (10 mice/ group) were sacrificed and skulls of mice were removed, and the brains subsequently fixed for analysis of apoptosis induction using a method described previously. 45, 46 The remaining mice (five mice per group) in each group were sacrificed and brain leukocytes were isolated. The percentage of activated microglial cells and apoptotic cells was determined by FACS analysis of CD45.2 + IL-1β + cells and PI + AnnexinV + positive staining cells, respectively. Apoptosis in the brain was also evaluated by fluorescence using an in situ cell death detection kit (Roche, Indianapolis, IN) according to manufacturer's protocol. The expression of IL-1β in CD45.2 + IL-1β + cells was quantified by real-time PCR.
47
EAE induction and treatment with Exo-cur in vivo. EAE was induced in 6-week-old female C57BL/6 mice using a procedure described previously. 16 Briefly, mice were primed subcutaneously in the flanks with 150 µg of MOG35-55 peptide (Biosynthesis, Lewisville, TX) per animal. The peptide was emulsified in complete Freund's adjuvant containing 1 mg/ml of Mycobacterium tuberculosis H37RA (Difco, Detroit, MI). Two days later the mice were injected intraperitoneally with 500 ng of Pertussis toxin (Alexis,
